INTRODUCTION 50
Phytophthora fragariae, the causal agent of red core or red stele root rot, is a highly destructive 51 pathogen of cultivated strawberry (Fragaria × ananassa), resulting in whole plant collapse. The 52 majority of commercial strawberries grown in the UK are grown on table tops using soilless substrate, 53 under polytunnels or in glasshouses (Robinson Boyer et al., 2016) . Phytophthora spp. are a particular 54 problem in these systems due to the ease of spread through the irrigation system via the motile 55 zoospores. Since the first report in Scotland in 1920, this disease has spread to the majority of 56 strawberry growing regions, except China and the Southern Mediterranean regions of Europe (van de 57 Weg, 1997b; EFSA Panel on Plant Health (PLH), 2014). Currently, it is treated as a quarantine pest 58 by the European and Mediterranean Plant Protection Organization (EPPO), where it is listed as an A2 59 on potato plants possessing the Rpi-vnt1.1 gene. It was shown, in the absence of genetic mutations, 92 that differences in the expression level of Avrvnt1 were detected and these correlated with virulence 93 (Pais et al., 2018) . 94
In this study, we assembled and annotated a population of isolates of P. fragariae and the 95 related pathogen of raspberry, P. rubi. We identified a subpopulation of P. fragariae isolates 96 representing three distinct pathogenicity races (UK1-2-3). This subpopulation was found to be 97 remarkably similar in gene complement, as well as showing little divergence at the nucleotide 98 sequence level. To further investigate the cause of the observed variation in pathogenicity phenotypes, 99 transcriptomic datasets were generated for representative isolates of each pathogenicity race in this 100 subpopulation. This revealed expression level polymorphisms between the isolates, allowing for the 101 generation of candidate lists for PfAvr1, PfAvr2 and PfAvr3. A strong candidate for PfAvr2, 102
PF003_g27513 was identified as expressed in the BC-16 and A4 (UK2) isolates, yet not expressed in 103 the BC-1 (UK1) and NOV-9 (UK3) isolates. A candidate for PfAvr3 was also identified, 104
PF009_g26276; it is expressed in NOV-9 (UK3), yet not expressed in BC-1 (UK1), A4 (UK2) and 105 BC-16 (UK2) isolates. Additional sequencing did not reveal long-range polymorphisms influencing 106 the expression of these candidate genes; we therefore suggest control may be in trans or due to 107 epigenetic factors. 108
109

MATERIALS AND METHODS
110
Isolate selection and sources 111 A selection of ten isolates of P. fragariae were sourced from the Atlantic Food and Horticulture 112
Research Centre (AFHRC), Nova Scotia, Canada. An additional isolate of P. fragariae, SCRP245, 113 alongside three P. rubi isolates, were sourced from the James Hutton Institute (JHI), Dundee, Scotland 114 (detailed in Table 1) . 115 116 All work with P. fragariae and P. rubi was conducted in a Tri-MAT Class-II microbiological safety 117 cabinet. Isolates were routinely subcultured on kidney bean agar (KBA) produced as previously 118 described (Maas, 1972) . Isolates were grown by transferring two pieces of between 1 and 4 mm 2 onto 119 fresh KBA plates, subsequently sealed with Parafilm ® . Plates were then grown at 20°C in the dark in 120 a Panasonic MIR-254 cooled incubator for between seven and fourteen days. 121
Culturing of isolates
Mycelia were also grown in liquid pea broth, produced as previously described (Campbell et 122 al., 1989 ) with the addition of 10 g/L sucrose. These plates were inoculated with five pieces (1 -4 123 mm 2 ) of mycelium and media, subsequently sealed with Parafilm ® . These were grown at 20 °C for 124 four to five days in constant darkness. 125
Sequencing of DNA
141
For Illumina sequencing, gDNA was extracted from 300 mg of freeze-dried mycelium using the 142 Macherey-Nagel NucleoSpin ® Plant II Kit. The manufacturer's protocol was modified by doubling 143 the amount of lysis buffer PL1 used, increasing the incubation following RNase A addition by five 144 minutes, doubling the volume of buffer PC and eluting in two steps with 35 µL of buffer PE warmed 145 to 70 °C. For PacBio and Oxford Nanopore Technologies (ONT) sequencing, gDNA was extracted 146 using the Genomic-Tip DNA 100/G extraction kit, following the Tissue Sample method. 147
To create Illumina PCR-free libraries, DNA was sonicated using a Covaris M220 and size-148 selected using a BluePippin BDF1510 1.5% gel selecting for 550 bp. Libraries were constructed using 149 the NEBNext enzymes: End repair module (E6050), A-TAiling module (E6053), Blunt T/A ligase 150 (M0367) and Illumina single-indexed adapters. Sequencing was performed to generate 2 x 300 bp 151 reads on a MiSeq TM system using MiSeq Reagent Kit V3 600 cycle (MS-102-3003). PacBio library 152 preparation and sequencing was performed by the Earlham Institute, UK on a PacBio RS II machine.  153 ONT sequencing libraries were created using the SQK-LSK108 kit following the manufacturer's 154 protocol and sequenced using the FAH69834 FLO-MIN106 flow cell on a GridION for approximately 155 28 hours. 156
Inoculation time course experiment
157 Growth of isolates for inoculations were performed on fresh KBA plates for approximately 14 days 158 as described above, before the mycelium had reached the plate edge. Plugs of mycelium growing on 159 agar were taken using a flame sterilised 10 mm diameter cork borer and plugs were submerged in 160 chilled stream water. Plates were incubated in constant light for three days at 13 °C, with the water 161 changed every 24 hours. For the final 24 hours, chilled Petri's solution (Judelson et al., 1993) Figure S1) . Additionally, in vitro mycelial 197 RNA was sequenced. 198 P. rubi RNA-Seq reads were sequenced on a HiSeq TM 2000 system. 199 Genome assembly 200 Prior to assembly, Illumina reads were cleaned and sequencing adaptors were removed with fastq-mcf 201 (Aronesty, 2013) . Quality control of PacBio data was performed by the Earlham Institute, Norwich, 202 UK. ONT reads were basecalled with Albacore version 2.2.7 and adaptors were removed with 203 Porechop version 0.2.0 (Wick, 2018) and the trimmed reads were corrected with Canu version 1.4 204 (Koren et al., 2017) . 205
Assemblies of isolates sequenced solely with Illumina data were generated with SPAdes 206 SMARTdenovo version 1.0.0 (Ruan, 2018) . 211
Following assembly, error correction was performed on ONT assemblies by aligning the reads 212 to the assembly with Minimap2 version 2.8r711-dirty (Li, 2018) to inform ten iterations of Racon 213 version 1.3.1 (Vaser et al., 2017) . Following this, reads were again mapped to the assembly and errors 214 were corrected with Nanopolish version 0.9.0 (Simpson, 2018) . PacBio and ONT assemblies had 215 those containing proteins from only one race and expanded orthogroups were those containing more 242 proteins from a specific race than other races. Venn diagrams were created with the VennDiagram R 243 package version 1.6.20 (Chen and Boutros, 2011) Candidate avirulence genes were identified through the analysis of uniquely expressed genes 263 and uniquely differentially expressed genes for each of the three isolates. Uniquely expressed genes 264 were those with a Fragments Per Kilobase of transcript per Million mapped reads (FPKM) value 265 greater than or equal to 5 in any time point from the inoculation time course experiment for a single 266 isolate. Uniquely differentially expressed genes were those with a minimum LFC of 3 and a p-value 267 threshold of 0.05. Genes were compared between isolates through the use of orthology group 268 assignments described above and scored on a one to six scale, with five and six deemed high 269 confidence and one and two deemed as low confidence. for 3 minutes, 39 cycles of 95 °C for 10 seconds, 62 °C for 10 seconds and 72 °C for 30 seconds. This 286 was followed by 95 °C for 10 seconds, and a 5 second step ranging from 65 °C to 95 °C by 0.5 °C 287 every cycle. At least two technical replicates for each sample were performed and the melt curve 288 results were analysed to ensure the correct product was detected. Relative gene expression was 289 calculated using the comparative cycle threshold (CT) method (Livak and Schmittgen, 2001) . Where 290 there was a difference of at least 1 CT value between the minimum and maximum results for technical 291 replicates, further reactions were conducted. Outlier technical replicates were first identified as being 292 outside 1.5 times the interquartile range. Following this, additional outliers were identified using the 293 Grubb's test and excluded from the analysis. Technical replicates were averaged for each biological 294 replicate and expression values were calculated as the mean of the three biological replicates. 295 Transcription factors were identified with a previously described HMM of transcription factors 303 and transcriptional regulators in Stramenopiles (Buitrago-Flórez et al., 2014). These proteins were 304 then analysed through methods described above for gene loss or gain, nearby variant sites and 305 differential expression between isolates. 306 The P. fragariae isolates A4 (race US4), BC-1 (race CA1), BC-16 (race CA3), NOV-5 (race CA1), 315 NOV-9 (race CA2), NOV-27 (race CA2) and NOV-71 (race CA2) ( Table 1) Harrison, unpublished). Following assessment of below ground symptoms, it was shown that race 320 CA1 was equivalent to UK1, race CA2 was equivalent to UK3, race CA3 was equivalent to UK2 and 321 race US4 was equivalent to UK2 (Figure 1; Table 2 ). 322
Investigation of cis and trans variations for strong candidate avirulence gene
Availability of computer code
A highly contiguous genome assembly of BC-16 323
Long read PacBio sequencing generated a highly contiguous P. fragariae isolate BC-16 (UK2) 324 reference genome of 91 Mb in 180 contigs with an N50 value of 923.5 kb (Table 3) . This was slightly 325 larger than the closely related, well studied species from Clade 7, P. sojae, at 83 Mb ( so likely represented a similar completeness of the genome as the P. sojae assembly. The P. fragariae 329 genome was shown to be highly repeat rich, with 38% of the assembly identified as repetitive or low 330 complexity, a larger value than the 29% shown for P. sojae (Armitage et al., 2018) . A total of 37,049 331 genes encoding 37,346 proteins were predicted in the BC-16 assembly, consistening of 20,222 genes 332 predicted by BRAKER1 (Hoff et al., 2016 ) and 17,131 additional genes added from CodingQuarry 333 (Testa et al., 2015) . From these gene models, 486 putative RxLR effectors, 82 putatitve crinkler 334 effectors (CRNs) and 1,274 putative apoplastic effectors were identified (Table 5) . Additionally, a 335 total of 4,054 low confidence gene models were added from intergenic ORFs identified as putative 336 effectors. These consisted of 566 putative RxLRs, 5 putative CRNs and 3,483 putatitve apoplastic 337 effectors. This resulted in a combined total of 41,103 genes encoding 41,400 proteins with 1,052 338 putative RxLRs, 85 putative CRNs and 4,757 putative apoplastic effectors ( Table 3 and Table 5 ). 339
A comparable number of effector genes were identified through resequencing of isolates of 340
Phytophthora fragariae and Phytophthora rubi 341
Ten isolates of P. fragariae and three isolates of P. rubi were additionally resequenced, de novo 342 assembled and annotated ( Table 1 and Table 4 ). These isolates showed similar assembly statistics 343 within and between species; an average of 79 Mb in 12,804 contigs with an N50 of 19.3 kb in P. 344 fragariae, compared to an average of 78 Mb in 13,882 contigs with an N50 of 16.8 kb in P. rubi. All 345 assemblies showed 31% of the assembly was identified as repetitive or low complexity sequences. On 346 average both P. fragariae and P. rubi showed high levels of completeness, with an average of 274/303 347 BUSCO genes identified as single copies in these assemblies. Interestingly, a total of 17 genes were 348 consistently not identified in Illumina, PacBio and Nanopore assemblies of P. fragariae and P. rubi 349
isolates, suggesting these genes may be absent from these species and as such may not be considered 350 true eukaryotic BUSCO genes. An average of 67 CRNs were predicted in P. fragariae and an average 351 of 118 CRNs in P. rubi. A significantly (p = 0.013) smaller number of RxLRs were predicted in P. 352 rubi isolates than P. fragariae isolates alongside a significantly (p = 0.039) smaller number of 353 apoplastic effectors predicted in P. rubi than P. fragariae (Table 5 ). However, it is important to note 354 that these effectors were predicted from a subset of secreted proteins, of which there were significantly 355 (p = 0.030) fewer predicted in P. rubi than in P. fragariae ( Table 5) . 356
No distinguishing gene loss or gain; or the presence of INDELs or SNPs in candidate avirulence 357 genes could be found associated with race variation 358
An orthology analysis of all predicted proteins from the isolates of P. fragariae and P. rubi assigned 359 481,942 (98.7%) proteins to 38,891 orthogroups. Of these groups, 17,101 contained at least one 360 protein from all fourteen sequenced isolates and 13,132 of these groups consisted entirely of single-361 copy proteins from each isolate. There were 2,345 of these groups unique to P. rubi and 1,911 of these 362 groups unique to P. fragariae. Analysis of unique and expanded orthogroups for isolates of the UK1, 363 UK2 and UK3 races did not lead to the identification of candidate avirulence genes, as these groups 364 did not contain putative effector genes (Figure 2) . Further analysis within the UK1-2-3 population allowed for the identification of private variants, 374 which were only present in isolates of one of the three races in this population. This resulted in the 375 identification of eleven private variants in the UK2 race shared between both A4 and BC-16; however, 376 neither the genes they fell within or were neighbours to were predicted to encode effectors or secreted 377 proteins and likely did not explain the differences in pathogenicity. 378
Wide scale transcriptional reprogramming of effectors during strawberry infection 379
RNA-Seq data were generated from an inoculation time course experiment for representatives of races 380 UK1, UK2 and UK3; BC-1, BC-16 and NOV-9 respectively. Following determination of expression 381 levels of the predicted genes in both in planta and mycelia samples, a correlation analysis showed 382 biological replicates of each timepoint grouped together (Figure 4) . Additionally, the 48 hours post 383 inoculation (hpi) BC-1 time point grouped with the BC-16 24 hpi time point, suggesting these may 384 represent similar points in the infection process. However, clear separation between the BC-16 385 timepoints was observed (Figure 4) . A total of 13,240 transcripts from BC-16 (32%) showed 386 expression above a FPKM value threshold of five in at least one sequenced BC-16 time point and 387 9,329 (23%) of these showed evidence of differential expression in at least one sequenced in planta 388 time point compared to mycelium grown in artificial media, suggesting large scale transcriptional 389 reprogramming. As three time points post inoculation were sequenced for BC-16, the changes in 390 expression over the course of the infection process was investigated. A total of 2,321 transcripts (6%) 391 showed a Log2 Fold Change (LFC) greater than or equal to one or less than or equal to minus one, 392 representing a general reprofiling during infection in comparison to growth in artificial media. Of 393 transcripts differentially expressed in planta compared to artificial media, fewer transcripts were 394 differentially expressed at both 24 hpi and 96 hpi than between sequential timepoints (297 compared 395 to 1,016 and 1,604 transcripts). This suggested that changes during the progress of infection were 396 captured by this dataset (Figure 5) . 397 Levels of expression of effector genes were also assessed. A total of 274 (26%) RxLR 398 effectors, 27 (31%) CRNs and 880 (18%) putative apoplastic effectors from BC-16 showed evidence 399 of expression above the FPKM threshold of 5 in at least one sequenced time point. The majority of 400 these effector genes also showed evidence of differential expression during in planta time points 401 compared to in vitro mycelium. A total of 253 (24%) RxLR effectors, 19 (22%) CRNs and 888 (18%) 402 putative apoplastic effectors showed an LFC greater than or equal to one or less than or equal to minus 403 one, representing wide scale transcriptional reprogramming of effector genes during infection ( Figure  404 5). Ranking of the 50 highest expressed genes in planta with a LFC of ≥3 in comparison to its 405 respective mycelium, identified four putative RxLR genes that were upregulated by all three isolates 406 (Table 6) . These genes represent putative core P. fragariae RxLR's important for pathogenicity on 407 strawberry. Interestingly, a BLASTP search of one of these putative core effectors, PF003_g16448 408 (amino acids 19-139), showed homology to P. sojae Avr1b (58 % pairwise identity), GenBank 409 accession AF449625 (Shan et al., 2004) . 410
RxLR effector PF003_g27513 is a strong candidate for PfAvr2 411
Comparing transcripts with the highest LFC (in planta vs mycelium) between isolates led to the 412 identification of the putative RxLR effector encoding transcript PF003_g27513.t1 as a potential 413 candidate for PfAvr2 in BC-16. PF003_g27513 had a peak FPKM value in BC-16 of 9,392 compared 414 to peaks of 5 and 34, in BC-1 and NOV-9, respectively ( Supplementary Table S2 ). Subsequent RT-415 qPCR analysis of further timepoints in the in planta timecourse supported the findings of the RNA-416
Seq timepoints and showed the expression of putative PfAvr2 in the UK2 isolates BC-16 and A4 was 417 significantly (p < 0.05) different to those from all samples of BC-1 (UK1) and NOV-9 (UK3; Figure  418 The surrounding sequence of putative PfAvr2 in BC-16, BC-1 and NOV-9 was investigated 422 for sequence variants that may explain the expression difference. As no variants were identified near 423 the gene from the above mentioned variant panel, an assembly of the NOV-9 isolate was created from 424 Nanopore sequencing data, producing an assembly of 93.72 Mbp in 124 contigs with an N50 of 1,260 425
Kb. This resulted in the identification of a SNP from T in BC-16 to G in NOV-9 ~14 Kb downstream 426 of the stop codon and a 30 bp insertion in NOV-9 ~19 Kb upstream of the start codon (Figure 7A) . 427
The upstream variant appeared to be a sequencing error following the investigation of the alignment 428 of short reads of BC-16 and NOV-9 to each assembly and so was rejected. Expression of the genes 429 surrounding PF003_g27513 was investigated and PF003_g27514, directly upstream of putative 430
PfAvr2 is expressed by all three isolates ( Supplementary Table S2 ). 431
Additionally, putative transcription factors and transcriptional regulators were identified in all 432 sequenced genomes. This resulted in the identification of 269 genes in the BC-16 isolate of P. 433 fragariae. However, analysis of gene loss or gain and an investigation of variant sites showed no race 434 specific differences, though expression level variation was observed. 435
RxLR effector PF009_g26276 is a putative candidate for PfAvr3 436
Further analysis of the RNA-Seq datasets identified the putative RxLR effector encoding transcript 437
PF009_g26276 (an orthologue of PF003_g27386) as a potential candidate for PfAvr3 in NOV-9, with 438 a peak FPKM value in NOV-9 of 199 compared to in planta peaks of 6 and 12 in BC-1 and BC-16, 439 respectively ( Supplementary Table S3 ). Similar to putative PfAvr2, no sequence differences in 440 putative PfAvr3 were observed between the three isolates. Analysis of the surrounding region between 441 NOV-9 and BC-16 showed no sequence differences 13,000 bp upstream and 3,761 bp downstream of 442 PF009_g26276 (Figure 7B) . The two genes upstream from putative PfAvr3 are not expressed in any 443 isolate ( Supplementary Table S3 ), whereas the gene directly downstream in BC-16, PF003_g27385, 444 is expressed by all the three isolates analysed. 445 Subsequent RT-qPCR analysis of further timepoints in the in planta time course revealed that 446 the putative PfAvr3 was not expressed during any timepoints by the UK1 isolate BC-1 or by the UK2 447 isolates BC-16 and A4 (Supplementary Figure S3) .
However, absolute expression of 448 PF009_g26276 in NOV-9 remained low. Expression in NOV-9 at 72 hpi was significantly (p < 0.05) 449 greater than those from all samples of BC-1, BC-16 and A4. 450
Candidate genes for PfAvr1 identified from expression level variation 451
Analysis of the RNA-Seq datasets did not reveal an obvious candidate for PfAvr1. Further analysis 452 using custom scripts identified genes, which were uniquely expressed in BC-1 and those uniquely 453 differentially expressed. These genes were scored for confidence of race avirulence determinant; high, 454 medium and low. No genes were identified in the high confidence class in BC-1, but four genes were 455 scored as medium confidence, one of which was a putative apoplastic effector (Supporting 456
Candidate Table) . The analysis was repeated for BC-16 and NOV-9, in case the putative RxLR 457 candidates are not PfAvr2 and PfAvr3, respectively (Supporting Candidate Table) . 458
459
DISCUSSION
460
Understanding pathogenicity of plant pathogens is critical for developing durable resistance strategies. 461 P. fragariae is a continuing threat to strawberry production. The UK1-2-3 population displayed clear 462 separation from the other isolates of P. fragariae in this study. Two putative avirulence candidates for 463 UK2 and UK3 were identified through population resequencing and analyses of gene expression 464 during P. fragariae infection. We have shown that there are no distinguishing gene loss or gain events, 465
INDELs or SNPs associated with race variation in UK1-2-3. Our results also suggest that the 466 polymorphisms associated with avirulence to race UK2 and UK3 resistance is controlled in trans or 467 with other stable forms of epigenetic modulating gene expression. 468
This study utilised long read sequencing technologies to improve the contiguity of the P. All assemblies produced from PacBio and Illumina sequencing were annotated and putative 482 effector genes were predicted. The gene model totals are likely inflated, due to the use of a greedy 483 approach to effector gene prediction, to ensure the capture of all possible virulence genes. ApoplastP 484 appeared to over-predict effectors, likely due to statistical issues arising from the use of a training set 485 far smaller than the query set used in this study (Pritchard and Broadhurst, 2014) . Interestingly, twice 486 as many CRNs were predicted in P. rubi than P. fragariae on average (average of 118 in P. rubi and 487 67 in P. fragariae), though this was not consistent for all P. rubi isolates. In comparison to P. sojae, 488 the BC-16 isolate was predicted to possess approximately 50% more RxLRs and twice as many CRNs 489 from RNA-Seq guided gene models (Tyler et al., 2006) . This difference may have been due to 490 improvements in prediction strategies, as the number of CRNs was similar to those predicted for the 491 Clade 1 species P. cactorum (Armitage et al., 2018) . However for RxLR effectors this difference is 492 likely explained by the greedy approach taken for gene prediction in this study. Following the 493 validation of gene models by RNA-Seq data, the likely overprediction of effector genes was also 494 shown by the low percentage of these classes of genes showing evidence of expression. 495
This work also allowed the resolution of P. fragariae race schemes between different 496 countries, Canadian race 1 is equivalent to UK race 1, Canadian race 2 is equivalent to UK race 3 and 497 both Canadian race 3 and USA race 4 is equivalent to UK race 2. This provided further support for 498 the proposed gene-for-gene model of resistance in this pathosystem (van de Weg, 1997a). However, 499 construction of orthology groups for all isolates of P. fragariae and P. rubi did not show the presence 500 of proteins unique to the races UK1, UK2 and UK3. Additionally, the identification of variant sites, 501 with the BC-16 genome acting as a reference, indicated there were only private variants present in 502 UK2, with none identified in UK1 or UK3. None of these variants were in proximity to genes thought 503 to be involved in pathogenicity. Additionally, analysis of population structure confirmed the 504 previously described species separation of P. fragariae and P. rubi Transcriptome analyses led to the identification of a strong candidate for PfAvr2, which was 508 shown to be highly expressed in all in planta BC-16 timepoints, compared to evidence of no, or very 509 low levels of expression in any BC-1 (UK1) or NOV-9 (UK3) samples. The strongest candidate for 510
PfAvr3 was also shown to be differentially expressed between races, but not as highly expressed in 511 NOV-9 as observed for putative PfAvr2. RT-qPCR confirmed the PfAvr2 results and additionally 512 showed expression of PfAvr2 in the other sequenced UK2 isolate, A4. The assay showed high levels 513 of variability, which was due to variation between biological replicates, likely the result of the inability 514 of the inoculation method to control the quantity of zoospores inoculating an individual plant. Further 515
in planta experiments and RT-qPCR of additional isolates are required to investigate the observations 516 of putative PfAvr3. 517
We propose that silencing of putative PfAvr2 in races UK1 and UK3, enables those isolates to represent a rare hybrid of the two populations. However, due to the small sample size of isolates, the 541 low number of SNP sites available for this analysis and the fact it was isolated in 1945 in the UK, at 542 least 55 years before the other isolates, it appears more likely that SCRP245 represents a separate 543 population but the data available were unable to resolve this fully. Further race typing with differential 544 strawberry genotypes is required to ascertain the relationship between isolates of Canadian races 4 545 and 5. 546
Races of asexual species have been shown to evolve by the stepwise accumulation of 547 mutations (Del Mar Jiménez-Gasco et al., 2004). One such example is the successive evolution of 548 multiple pathotypes in a single clonal lineage of the wheat pathogen Puccinia striiformis f. sp. tritici 549 in Australia and New Zealand (Steele et al., 2001) . In comparison, our data do not indicate that P. 550 fragariae has undergone simple stepwise evolution of effectors, but we rather postulate that some 551 lineages of P. fragariae have been present for long periods of time in nature, evident by the large 552 number of SNP differences and well supported branches and that the emergence of races (e.g. UK1-553 2-3) is fairly recent, possibly as a result of the R-genes deployed in commercial strawberries. The 554 increased selection pressure on P. fragariae to overcome these genes, or the break-up of 'wild' R-555 gene stacks upon hybridisation of octoploid strawberry species, may have led to very rapid evolution 556 of races, in this case through epigenetic silencing of gene expression, to evade the R-genes present in 557 common cultivars. Substantial further sampling from multiple geographic regions would be required 558 to fully decipher population structure in the lineages of P. fragariae and the resistance status of wild 559 octoploid Fragaria species. We predict that this would lead to the observation of other geographically 560 distinct lineages of genetically similar individuals of P. fragariae but with similar differences in 561 pathogenicity on strawberry. The implications of these findings highlight the potential adaptability of 562 P. fragariae to modify effector expression to evade host resistance and the threat of the emergence of 563 new races. Future strawberry breeding efforts must deploy cultivars with multiple resistance genes to 564 mitigate against the rapid adaptation of P. fragariae. Identifying resistance genes that recognise the 565 conserved core RxLRs identified in this study would enable broad-spectrum resistance to this 566 pathogen to be deployed that would be effective against multiple races. One of the conserved highly 567 expressed RxLRs was shown to have homology to P. sojae Avr1b and so identifying homologous R-568 genes to Rsp1b in strawberry could be a future avenue of work to provide resistance against multiple 569 races. 570
In conclusion, we have shown for the first time that within a distinct subpopulation of P. 571 fragariae isolates, displaying remarkably low levels of polymorphisms, the ability to cause disease on 572 a range of differing strawberry cultivars was associated with variation in transcriptional levels rather 573 than being due to sequence variation, similar to reports in P. infestans (Pais et al., 2018) . This work 574 therefore has implications for the identification of putative avirulence genes in the absence of 575 associated expression data and highlights the need for detailed molecular characterisation of 576 mechanisms of effector regulation and silencing in oomycete plant pathogens. In addition, this study 577 presents a large amount of data, including an improved, long read assembly of P. fragariae alongside 578 a collection of resequenced isolates of P. fragariae and P. rubi, and transcriptome data from multiple 579 isolates that is a valuable resource for future studies. 37 TABLE 2 | Phytophthora fragariae race structure detected by three differential strawberry (Fragaria × ananassa) accessions and categorisation into UK race scheme. 
Cultivara
